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ABSTRACT 
Fluorides of t h e  a l k a l i  metals and the a l k a l i n e  e a r t h  metals have an 
i n t e r e s t i n g  combination of proper t ies  t h a t  make them promising candidates 
a s  s o l i d  lub r i can t  ma te r i a l s  f o r  use a t  high temperatures and i n  corrosive 
environments. They a r e  chemically i n e r t  i n  s t rong  oxidizing o r  reducing 
environments; they a r e  r e l a t i v e l y  soft and nonabrasive; and some of them, 
such a s  CaFZ, have planes of pe r fec t  cleavage i n  t h e i r  c r y s t a l  s t r u c t u r e  
suggesting low shear s t r eng th  and good f r i c t i o n  proper t ies .  Thin, fused 
f luo r ide  coatings (0.001 in .  ) were applied t o  nickel-chromium a l loys  by 
spraying water s l u r r i e s  of t h e  f luor ides  on t h e  bear ing  surface, drying 
it, then  f i r i n g  it i n  a hydrogen atmosphere. Coatings of CaF2-LiF mix- 
t u r e s  and of CaFZ-BaFZ mixtures were e f f e c t i v e  a s  s o l i d  lub r i can t s  i n  
hydrogen t o  1500' F and i n  a i r  t o  1200' F. CaFZ-BaFz coatings were e f -  
f e c t i v e  s o l i d  lub r i can t s  i n  l i q u i d  sodium a t  1000° F and a s l i d i n g  veloc- 
i t y  of 2000 ft/min. 
INTRODUCTION 
Solid lub r i can t s  a r e  of p a r t i c u l a r  value under conditions where 
o i l s  and greases  by t h e i r  very nature cannot be  used. Severe lub r i ca t ion  
problems a r e  encountered whenever t h e  conditions of extreme temperature 
and chemical r e a c t i v i t y  a r e  combined; perhaps the  most common example i s  
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high-temperature a i r .  I n  t h i s  enTrironment, t h e  lubr icant  must have bo tn  
adequate physical  p roper t ies  (high melting p o i m s ,  low vapor pressures,  
e tc .  ) and good oxidat icn resis tance.  ,bgh temperature oxidat ion--resis tant  
lubr icants  a re  of cur ren t  i n t e r e s t  for use i n  present  o r  proposed super- 
sonic a i r c ra f t .  It has -been reported t h a t  i n  the Mach 3 RS70 a i rp l ane  
so l id  l u l r i c a n t s  a r e  used i n  1000 appl ica t ions  ( r e f .  l)* Another severe 
problem area i n  t h e  aerospace f t e l d  i s  %he lubr ica t ior ,  of .bearings su'b- 
merged i n  corrosive thermodycamic workirig f l u i d s  such a s  l i q u i d  sodium. 
Because o f  t hese  present  arid an t ic ipa ted  needs, a research program 
was conducted a t  L e w i s  Research Center t o  f i n d  so l id  lub r i can t  mater ia l s  
wi th  exceptionally good chemical and thermal s ta 'bi l i  ty.  
l y t i c a l  approach was the use of thermochemical ca l cu l s t ions  t o  determine 
t h e  probable reactiv-lty of candidase mater-lals a t  t h e  temperatures and in 
t h e  environments of i n t e r e s t .  The r e s u l t s  of these s tud ie s  indicated t-hat 
t h e  f luor ides  of calc'ium, bariurn, l i thium, and sodium shGuld 'be q u i t e  
s t a b l e  i n  both s t rong oxidiztng atmospneres (e.  go ,, a i r  t o  a t  l e a s t  1500' E') 
and i n  s t rong  reducing atmbspherzs (e. g., l i q l i i d  sbdi in)  Other a t t r a c t i v e  
p rope r t i e s  of these  fluorides a r e  t h e i r  adeqhately high melting poirits 
( a l l  above 1500' E') and t r e i r  nonabrasive property.  
The primary ana- 
Fluoride coatings were bonded to nicke l -base  a l l o y s  such a s  Inconel-X 
and Re& 41 i n  two ways: 
(1) Ceramic 'bondiqg - tne coat,ings wer.e appl ied by spraying followed 
by f i r i n g  a mixture of a flu-,r ide with an  oxide ceramic b inder  i n  an a i r  
atmosphere a t  a temperas , re  above the  melt ing po in t  of t h e  b inder  b u t  below 
t h a t  of t he  f luo r ide  ( re f .  2 ) .  
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(2) Fused f luor ides  - t h e  coatings w e r e  applied "y spraying followed 
by f i r i n g  a mixture of f luo r ides  i n  a hydrogen atmosphere a t  a tempera- 
ture above the  eu tec t i c  melting point  of t he  mixture. I n  t h i s  case, t h e  
lub r i ca t ing  components were self-bonding- This method was o r ig ina l ly  
used t o  obtain an oxidelfree coating f o r  l i q u i d  sodium exposure ( re f .  3). 
The f r i c t i o n ,  wear, and endurance proper t ies  of ceramic-bonded cal-  
cium f luo r ide  (CaF2) coatings were evaluated i n  a i r  from 80' t o  1900' F. 
The lub r i ca t ing  proper t ies  of fused f luor ide  coatings were evaluated i n  
hydrogen and i n  a i r  from 80' t o  1500' F. 
were a t  1000~ F. 
All experiments i n  l i q u i d  sodium 
APmtICATION AND PROCEDURE 
Coating Procedure 
The de ta i led  procedure f o r  applying ceramic-bonded CaF2 i s  given i n  
reference 2. 
reference 3. I n  general, a s  i l l u s t r a t e d  i n  Fig. 1, t h e  coating mater ia l  
i s  prepared from ca re fu l ly  weighed and mixed powders made i n t o  an aqueous 
s l u r r y  that i s  sprayed on t h e  metal substrate.  Spraying was continued 
u n t i l  t h e  thickness  of the  unfired coating was 0.0015~0.0005 inch. The 
ceramic-bonded coatings were f i r e d  i n  an a i r  atmosphere a t  2200' F. 
The procedure f o r  t he  fused f luo r ide  coatings i s  given i n  
The a l l - f luo r ide  coatings were f i r e d  i n  a dry hydrogen atmosphere. 
The f i r i n g  time and temperatures f o r  t h e  various compositions a re  given 
i n  Table 1. 
F r i c t i o n  and Wear Apparatus and Experimental Procedure 
The type of apparatus used i n  the f r i c t i o n  and wear experiments i n  
hydrogen and i n  a i r  i s  shown i n  Fig. 2. Different  equipment was used f o r  
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sodium but t h e  design d i f fe rences  were those required t o  contain t h e  par- 
t i c u l a r  environment involved. I n  t h e  bas i c  design, a r o t a t i n g  d isk  i s  
placed i n  s l i d i n g  contact with a hemispherically t ipped r i d e r  (3/16-in. 
rad . )  under a normal load of 500 o r  1000 grams. 
they a re  applied t o  t h e  d isk  specimen only. 
diameter wear t r a c k  on t h e  disk. S l id ing  i s  unid i rec t iona l .  The s l i d i n g  
ve loc i ty  i s  variable;  f r i c t i o n  torque i s  continuously recorded. 
When coatings a re  used, 
The r i d e r  describes a 2-inch- 
Before each f r i c t i o n  experiment, t h e  r i d e r  specimen was ca re fu l ly  
cleaned with acetone and then scrubbed with a pas t e  of lev iga ted  aluminum 
oxide and water. The specimens were r insed  with d i s t i l l e d  water and then 
dried.  The disks were cleaned i n  t he  same manner before t h e  coatings were 
applied; a f t e r  f i r i n g ,  t h e  coatings were not cleaned fu r the r .  
Se lec t ion  of Chemically S tab le  Metal Fluorides 
As previously indicated,  t h e  primary a n a l y t i c a l  approach t o  t h e  
se l ec t ion  of chemically s t a b l e  so l id  lub r i can t  ma te r i a l s  was t h e  use of 
thermochemical considerations.  The chemical r e a c t i v i t i e s  of compounds 
with oxygen, hydrogen, and sodium were estimated from t h e  standard f r e e  
energy changes (AFO) involved i n  the  assumed reac t ions  of t h e  candidate 
mater ia l s  with these  environments. The equilibrium constants (k) were 
calculated from t h e  values of AFo. 
The assumed chemical reac t ions  of a d iva l en t  metal f l u o r i d e  (CaFZ) 
and a monovalent metal f l u o r i d e  (LiF) with oxygen, hydrogen, and sodium 
a re  given i n  Table 2. The reac t ions  of two oxides ( N i O  and Cr203) wi th  
hydrogen and sodium a r e  a l s o  included. Expressions f o r  t h e  equilibrium 
constanhs applicable t o  each r eac t ion  a r e  given. The terms t h a t  appear 
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i n  t h e  equilibrium constant expressions f o r  t h e  s o l i d  p lus  gas reac t ions  
a re  t h e  equilibrium p a r t i a l  pressures ( i n  atmospheres) of any gases ap- 
pearing i n  t h e  chemical equations. The terms appearing i n  t h e  equili'b- 
rim constant expressions for t h e  so l id  p lus  l i q u i d  metal reac t ions  a r e  
t h e  equilibrium concentrations ( i n  mole f r a c t i o n s )  of t h e  l i q u i d  metal  
and t h e  compounds t h a t  a r e  soluble i n  the  l i q u i d  metal. 
o ther  terms i s  based on t h e  thermochemical convention t h a t  pure s o l i d s  
and pure l i q u i d s  a re  i n  a reference s t a t e  i n  which t h e i r  e f f e c t i v e  con- 
cen t r a t ions  (more rigorously, t h e  a c t i v i t i e s )  a r e  equal t o  un i ty  a t  a l l  
temperatubes and over a wide range of pressures. 
The neglect of 
me ca lcu la ted  values of AFO f o r  se lec ted  f l u o r i d e s  and oxides 
a r e  given i n  Table 3. The r eac t ive  environments considered a r e  oxygen, 
hydrogen, and l i q u i d  sodium a t  500' X (440' F), 1000° K (1340' F), and 
1500' K (2240' F). 
Pos i t i ve  values of At?' ind ica te  t h a t  the  assumed chemical reac t ion  
w i l l  not occur under standard conditions, t h a t  is ,  when a l l  r eac t an t s  a r e  
a t  a pressure  of 1 atmosphere (for i dea l  gases) o r  a mole f r a c t i o n  of 1 
( f o r  pure l i q u i d s  and s o l i d s ) ,  and reac t  t o  form gaseous products a t  
1 atmosphere o r  t o  form pure l i q u i d  o r  s o l i d  products. 
t i c  conditions t h e  equilibrium constant (k) i s  more meaningful. 
value of k ind ica t e s  that t h e  numerator (which contains t h e  pressure  o r  
concentrations of t h e  r eac t ion  products a t  equilibrium) i s  smal l  compared 
t o  t h e  denominator (which contains corresponding terms f o r  t he  reac tan ts )  
and hence t h a t  t h e  formation of products i s  not favored. The r e l a t i o n  of 
& t o  k i s  given by t h e  equation 
For more r e a l i s -  
A small 
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where 
AF c a l  per  gm atomic weight of r eac t ive  environment 
R universal  gas constant, 1.987 c a l  pe r  ?K per  mole 
T absolute temperature, OK 
- 
According t o  this equation, k w i l l  have a f i n i t e  value f o r  any value 
of 
t o  occtlr t o  a t  l e a s t  a:- in-.initesimal extent.  
value of @ 
therefore,  t h a t  conditions f o r  t he  formation of r eac t ion  products a r e  not 
favorable. 
L@ and, therefore,  any chemical r e a c t i m  has t h e  t h e o r e t i c a l  p o t e n t i a l  
Mowevei, a l a rge  p o s i t i v e  
ind ica t e s  t h a t  t h e  equilibrium constant i s  small and, 
I n  Ta'ble 3, t he  l a r g e  p o s i t i v e  values of AF0 and t h e  correspond- 
ing ly  smal.1 equilfbriuni constants f o r  t h e  reac t ions  of CaFZ, BaFZ, LiF, 
and NaF with oxygen ind ica t e  t h a t  these  f luo r ides  should a l l  be  chemi- 
c a l l y  s t a b l e  i n  a i r  a t  e leva ted  temperatures. 
The corresponding da ta  f o r  a hydrogen atmosphere ind ica t e  t h a t  t hese  
f l u o r i d e s  should a l s o  'be r e s i s t a n t  t o  chemical a t t a c k  by a s t rong  reducing 
environment. It i s  i n t e r e s t i n g  t o  compare e q ~ i l i b r l i m  conditions a t  
1000° K (1340' F) f o r  CaF2 i n  hydrogen wi th  t h e  equilibrium conditions f o r  
t h e  following oxides: 
(1) NiO, whic>h i s  r e a d i l y  reduced 'by hydrogen 
(2) Cr203, which can be reduced with d i f f i c u l t y ,  and 
(3) M203, which canrlot be reduced by hydrogen 
I l l u s t r a t i v e  ca l cu la t ions  of equilibrium concentrations fo r  t hese  reac- 
t i o n s  a r e  given i n  t h e  appendix. The r e s u l t s  demonstrate t h a t  CaF2 should 
be almost a s  i n e r t  t o  reac t ion  with hot hydrogen a s  A1203, and t h a t  CaFZ 
should be more i n e r t  t o  hydrogen than  chromium oxide (CrZ03), which can 
be reduced only by ca re fu l  exclusion of water vapor from t h e  hydrogen a t -  
mosphere. 
Sodium i s  a s t ronger  reducing agent than  hydrogen a s  ind ica ted  by 
t h e  l a r g e r  equilibrium constants and smaller p o s i t i v e  values of AFo f o r  
reduction by sodium. An ana lys is  f o r  sodium reac t ions  s i m i l a r  t o  t h e  pre- 
viously mentioned ana lys i s  f o r  hydrogen i s  a l s o  given i n  t h e  appendix. 
The r e s u l t s  i nd ica t e  t h a t  CaFZ should be much more r e s i s t a n t  t o  sodium 
than  N i O  and have a s t a b i l i t y  intermediate between t h a t  of Cr203 and 
Al.203. Cr2% should be a t  l e a s t  s u p e r f i c i a l l y  reduced. However, there 
i s  evidence (ref. 9)  t h a t  Cr203, although eventually reduced by pure l i q -  
u id  sodium, p r o t e c t s  s l i d i n g  surfaces immersed i n  t h e  l i q u i d  metal f o r  a 
l imi t ed  time. Therefore CaF2, w i t h  an even smaller equilibrium constant 
than  CrZO3 may be expected t o  be reasonably stable.  
The ca l cu la t ions  do ind ica t e  t h a t  a t  1000° K (1340' F) a small amount 
of Ca and NaF would be dissolved i n  l i q u i d  sodium i n  equilibrium w i t h  CaFZ. 
However, thermodynamics t e l l s  us nothing about the  r a t e s  a t  which reac t ions  
approach equilibrium. For small equilibrium concentrations and where t h e  
approach t o  equilibrium i s  slow, the  concentration of dissolved NaF and Ca 
may never reach a l e v e l  a t  which it would be a problem. 
RESULTS AND DISCUSSION OF F R I C T I O N  AND WI3A.R STUDIES 
Ceramic-Bonded CaFZ i n  A i r  
CaFZ coatings with a cobaltous oxide (CaO) base b inder  lubr ica ted  
c e r t a i n  nickel-base super a l loys  a t  high temperatures ( r e f .  10). Rider 
7 
wear and f r i c t i o n  coe f f i c i en t s  f o r  c a s t  Inconel s l i d i n g  aga ins t  coated 
Inconel X a t  a s l i d i n g  ve loc i ty  of 430 f e e t  pe r  minute a r e  given i n  
Fig. 3. 
from 250' t o  1500' F. 
s l i d i n g  was rough and coating l i f e  was low a t  500' F and lower tempera- 
The f r i c t i o n  coe f f i c i en t s  were 0.20 o r  lower a t  temperatures 
The coating has a tendency t o  f l a k e  off a t  1600' F; 
tu re s .  Therefore, t h e  use fu l  temperature range f o r  t h e  l u b r i c a t i o n  of 
Inconel X with this  coating i s  from about 500' t o  1500' F. The coating 
does not have a spa l l i ng  tendency above 1500' F when bonded t o  Re& 41. 
This coating has e f f ec t ive ly  lubr ica ted  Re& 41 t o  1900' F. 
From 500' t o  1000° F, t h e  i n i t i a l  f r i c t i o n  c o e f f i c i e n t s  were some- 
times objectionably high (>0.20) and e r r a t i c  i n  nature. 
nary run-in period, t h e  f r i c t i o n  c o e f f i c i e n t s  s t a b i l i z e d  a t  t h e  values 
indicated i n  Fig. 3. Recent s tud ie s  have shown t h a t  the run-in charac- 
t e r i s t i c s  of t h e  coating can be improved (although a t  reduction i n  t h e  
melting point of t he  ceramic binder) by t h e  addi t ion  of 3 percent molybdic 
oxide (Moo3) t o  t h e  coating composition ( re f . .  2 ) .  Coatings t h a t  have been 
modified by t h e  addi t ion  of 3 percent Moog l u b r i c a t e  Re& 41 t o  a maximum 
temperature of 1600' F because of t h e  reduced melting pa in t .  
Af te r  a prelimi- 
Fused Fluoride Coatings i n  Air 
A fused a l l - f l u o r i d e  coating bonded t o  Inconel X and Re& 41 was a l s o  
studied ( re f .  3). 
uid sodium. 
metal, the ceramic b inder  was eliminated and, t h e  a l l - f l u o r i d e  coa t ings  
were fused i n  a hydrogen atmosphere t o  prevent ox ida t ion  of t h e  base metal 
during f i r i ng .  
T h i s  coating was o r i g i n a l l y  formulated f o r  use i n  l i q -  
I n  order t o  avoid any oxide t h a t  might r e a c t  w i t h  t he  l i q u i d  
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The f r i c t i o n  and wear proper t ies  i n  a i r  of fused f l u o r i d e  coat ings 
of t h e  composition 38 percent CaFZ - 62 percent BaF2 a r e  given i n  Fig. 4. 
The r ider  wear and f r i c t i o n  coef f ic ien ts  of uncoated specimens a r e  in-  
cluded f o r  comparison. 
t a i n  each of t he  data  poin ts  shown over a range of temperatures from 75' 
t o  15W0 F and a t  two s l i d i n g  ve loc i t ies ,  455 and 2000 f e e t  per  minute. 
Rider wear i s  expressed a s  wear per  foot of s l i d i n g  so t h a t  wear a t  t h e  
two s l i d i n g  v e l o c i t i e s  can be compared d i r ec t ly .  
Separate 1-hour experiments were conducted t o  ob- 
Over the  e n t i r e  temperature.range and a t  both s l i d i n g  ve loc i t i e s ,  
t h e  coat ings were responsible fo r  very s ign i f i can t  reductions i n  f r i c t i o n  
and wear r e l a t i v e  t o  t h e  uncoated metals. 
455 feet  pe r  minute, t h e  f r i c t i o n  coe f f i c i en t  of t h e  coated specimen was 
high (0.4) a t  75' F, but  r i d e r  wear was low; from about 500' t o  1500' F 
t h e  f r i c t i o n  coe f f i c i en t s  were within acceptable l i m i t s  (0.11 t o  0.20). 
A t  2000 f e e t  per  minute, t h e  f r i c t i o n  coe f f i c i en t s  were within acceptable 
limits (0.10 t o  0.22) over t he  e n t i r e  temperature range 75' t o  1500' F. 
A t  a s l i d i n g  ve loc i ty  of 
Signif icant ly ,  t h e  coatings d i d  not wear through to f a i l u r e  i n  any of 
t h e  experiments i n  an a i r  atmosphere. 
a t  the  lower speed and 229,000 cycles a t  t he  higher speed. 
One hour represents  52,200 cycles  
Because a l l  coat ings were f i r e d  i n  a dry hydrogen atmosphere, a l l  t he  
specimens were unoxidized p r i o r  t o  the a i r  runs. During t h e  experiment i n  
a i r ,  a t  temperatures above 1000° F, the nickel-chromium subs t r a t e  oxidized 
slowly. Up t o  1200' F, this oxidation had no detr imental  e f f e c t ,  although 
a gray or pale  green d isco lora t ion  of t h e  coating was observed. 
t h e  o r i g i n a l l y  white coating became dark green and rough a s  oxides derived 
A t  1500' F, 
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from the  base metal d i f fused  i n t o  the  coating. No l u b r i c a t i o n  f a i l u r e  oc- 
curred, however, a t  1500' F during the  1-hour experiments. These r e s u l t s  
i nd ica t e  that, while t h e  coatings may be expected t o  remain serv iceable  i n  
a i r  f o r  an extended period of time a t  1200° F, they may be  use fu l  f o r  only 
1 or 2 hours a t  1500' F. 
X-ray d i f f r a c t i o n  s tud ie s  of t h e  coatings a f t e r  a 3-hour exposure t o  
a i r  a t  1500° F indicated t h a t  l i t t l e  or no conversion of CaFZ or BaF2 t o  
t h e  corresponding oxides had occurred. 
were caused by contamination with base metal oxides, p r imar i ly  C r 2 O 3 .  
The changes i n  coating composition 
I n  comparing ceramic-bonded CaF2 coatings with the  fused BaF2-CaF2 
coating for use i n  a i r  it appears t h a t  ceramic-bonded CaFZ would be supe- 
r i o r  where o p t i m u m  performance i s  required above a'bout 1200' F and fused 
f luo r ide  coating would provide b e t t e r  wear r e s i s t ance  from room temperature 
t o  1200' F. 
Fused Fluoride Coatings i n  10 Percent Hydrogen - 
9 0  Percent Nitrogen Atmosphere 
Several compositions of fused f l u o r i d e  coatings were evaluated i n  a 
10 percent hydrogen - 90 percent n i t rogen  atmosphere. 
b r i c a t i o n  experiments were performed a t  a specimen temperature of 1000° F, 
bu t  some were a l s o  performed a t  o ther  temperatures from 75' t o  1500' F. 
The r e s u l t s  a r e  summarized i n  Table 4. 
Most of t h e  lu -  
A t  a s l i d i n g  ve loc i ty  of 2000 f e e t  p e r  minute, t h e  f r i c t i o n  coef f i -  
c i en t s ,  with a few exceptions, were i n  t h e  range 0.15 t o  0.20 a t  tempera- 
t u r e s  from 75' t o  1500' F f o r  t h e  following compositions: 80 percent 
CaF2 - 20 percent BaF2, 38 percent CaFZ - 62 percent BaF2, 77 percent 
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CaF2 - 23 percent LiF, 100 percent LiF, and 81.4 percent CaF2 - 18.6 per- 
cent NaF. A t  a lower s l id ing  veloci ty  of 1000 f e e t  per  minute, t h e  f r i c -  
t i o n  coe f f i c i en t  f o r  one of t h e  coatings ( 7 7  percent CaFZ - 23  percent LiF) 
was 0.24 a t  500° and a t  1000° F. 
n i f i c a n t l y  a f fec ted  by load. Therefore, a t  l e a s t  within t h e  limits of t h e  
The f r i c t i o n  coe f f i c i en t s  were not s ig-  
temperatures, s l i d i n g  ve loc i t i e s ,  and loads used, the only va r i ab le  t h a t  
had a s ign i f i can t  e f f e c t  on t h e  f r i c t i o n  coef f ic ien t  was s l i d i n g  velocity.  
A s l i d i n g  ve loc i ty  of 2000 f e e t  per  minute or f a s t e r  i s  considered r e a l i s -  
t i c  f o r  face-type ro t a t ing  sea ls .  It i s  encouraging tha t ,  a t  these  high 
s l i d i n g  ve loc i t i e s ,  t h e  f r i c t i o n  coef f ic ien ts  f o r  t he  fused f luo r ides  a r e  
below t h e  usual ly  accepted maximum (0.2) f o r  thin-f i lm lub r i ca t ion  under 
severe s l i d i n g  conditions. 
The same coating compositions f o r  which low f r i c t i o n  coe f f i c i en t s  
were observed a l s o  were e f f ec t ive  i n  reducing meta l l ic  wear. The photo- 
micrographs and surface p r o f i l e s  i n  Fig. 5 show the  surface d e t a i l s  of the  
worn areas  on t h e  uncoated metals. The worn surfaces a re  character ized by 
gross  metal  t r a n s f e r  from the  r i d e r  t o  t h e  wear t r ack  on the  disk. Trans- 
fe r red  p a r t i c l e s  up t o  0.003-inch th ick  were welded t o  t h e  disk.  Metal 
t r a n s f e r  of t h i s  ser ious proportion would r ead i ly  close t h e  clearances on 
bear ings or  cause leakage i n  s l i d ing  contact  seals .  
photomicrographs and surface p ro f i l e s  of specimens lubr ica ted  w i t h  CaF2-BaF2 
and CaF2-LiF coatings a re  shown i n  Fig. 6. No metal t r a n s f e r  o r  welding has 
occurred. The wear sca r s  generated on the  hemispherical r i d e r s  a re  small 
and glazed over w i th  a t h i n  f i lm of lubr icant  coating mater ia l .  The wear 
t r acks  pene t ra te  t o  a depth approximately equal t o  t he  o r i g i n a l  thickness  of 
The corresponding 
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t h e  coating, bu t  the  bottoms of t he  t r acks  a r e  a l s o  glazed over with a very 
t h i n  f i lm of coating mater ia l .  I n  one track, two narrow scra tches  extend 
down in to  the  subs t r a t e  metal, bu t  any me ta l l i c  contact t h a t  may have oc- 
curred was not indicated by a measurable increase  i n  f r i c t i o n  coe f f i c i en t .  
An ind ica t ion  of coating wear can be derived from t h e  coating wear l i f e  
expressed a s  cycles t o  f a i l u r e  i n  Table 4. Coating f a i l u r e  was detected a s  
a sudden and l a r g e  increase i n  f r i c t i o n  coe f f i c i en t .  
.L 
The wear l i f e  of t he  coating was s e n s i t i v e  t o  load. On the  average, 
longer coating l i f e  was obtained w i t h  a 500-gram load than with a 1000-gram 
load. 
during experiments of 1-hour duration (229,200 cyc les ) .  
A t  1000° F, w i t h  a 500-gram load, no coating f a i l u r e s  were obtained 
The u n i t  loads 
during these experiments varied from a maximum of a’bout 120,000 pounds pe r  
square inch ( t h e o r e t i c a l  i n i t i a l  Hertz s t r e s s  f o r  a 3/16-in. -rad. s t e e l  
hemisphere on a s t e e l  f l a t )  down t o  a f i n a l  apparent u n i t  s t r e s s  of a’bout 
500 pounds per  square inch. The f i n a l  u n i t  s t r e s s  was obtained by d iv id ing  
t h e  1.1-pound (500-g) normal load by t h e  a rea  of a t y p i c a l  wear s c a r  on t h e  
r i d e r  a t  the  conclusion of an experiment. Face-type s l i d i n g  contact s e a l s  
a r e  generally designed t o  operate a t  u n i t  loads of 30 pounds per  square 
inch or less. Therefore, t h e  experiments reported here in  may be considered 
accelerated t e s t s  of coating l i f e  r e l a t i v e  t o  conditions customary t o  s e a l  
technology. 
Fused Fluoride Coatings i n  Liquid Sodium 
Coating compositions t h a t  had given favorable  r e s u l t s  i n  hydrogen were 
evaluated i n  sodium. 
CaF2 - 20 percent h F 2 ,  38 percent CaF2 - 62 percent BaF2, 77 percent CaF2 - 
The compositions evaluated i n  sodium were 80 percent 
1 2  
23  percent LiF, 100 percent LiF, and 81.4 percent CaFZ - 18.6 percent NaF. 
These experiments were conducted wi th  t h e  disk specimen and t h e  r i d e r  
The d i sk  was submerged i n  l i q u i d  sodium held a t  a temperature of 1000° F. 
ro ta ted  a t  3820 r p m  f o r  1 hour "before the  s t a r t  of t h e  f r i c t i o n  and wear 
experiment. The dura t ion  of t h e  f r i c t i o n  experiment was another hour. I n  
add i t ion  t o  being a f r i c t i o n  and wear experiment, t h i s  was a severe t e s t  of 
t h e  sodium compat ib i l i ty  of t h e  coatings. 
1 hour under load, t h e  r i d e r  was r e t r ac t ed  and t h e  d i sk  was allowed t o  
r o t a t e  u n t i l  a t o t a l  sodium exposure t i m e  of 2 hours had elapsed. 
manner, uniform sodium exposure time and conditions were maintained so t h a t  
t he  r e s i s t ance  of t he  various coating compositions t o  sodium could be d i -  
r e c t l y  compared even when the  durations of t h e  a c t u a l  f r i c t i o n  experiments 
were not the same. 
If t h e  coating f a i l e d  before 
I n  t h i s  
X-ray d i f f r a c t i o n  was used t o  de tec t  any changes i n  the thickness or 
composition of t h e  coatings caused by sodium exposure. Any ser ious  reduc- 
t i o n  i n  coating thickness caused by sodium exposure was indicated by a de- 
creased i n t e n s i t y  i n  t h e  d i f f r a c t i o n  peaks f o r  t h e  compounds i n  t h e  coating 
r e l a t i v e  t o  t h e  d i f f r ac t ion  peaks of t h e  subs t r a t e  metal. Also, when one 
compound i n  a b inary  cmpos i t ion  was leached out and the  o ther  was not, t h e  
d i f f r a c t i o n  peaks f o r  t h e  compound t h a t  had been attacked would disappear 
o r  decrease i n  i n t e n s i t y  with respect t o  t h e  peaks f o r  t h e  o ther  compound. 
The f r i c t i o n  and wear observed i n  the sodium experiments a r e  summarized 
i n  Fig. 7. Data f o r  some coatings i n  10 percent hydrogen - 90  percent n i -  
t rogen  a r e  a l s o  given f o r  comparison. 
of f o u r  of t h e  coating compositions were between 0.15 and 0.20, and r i d e r  
I n  sodium, the  f r i c t i o n  c o e f f i c i e n t s  
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wear was reduced by a f a c t o r  of a t  l e a s t  100 r e l a t i v e  t o  the  uncoated metals. 
Photomicrographs and surface p r o f i l e s  f o r  unlubricated nickel-chromium s l i d e r  
specimens and f o r  specimens lubr ica ted  with 62 percent BaF2 - 38 percent 
CaF2 coatings a re  shown i n  Fig. 8. The r e s u l t s  obtained with t h e  coated 
d i sks  co r re l a t e  well  with the  r e s u l t s  t h a t  had been observed i n  t h e  prelimi- 
nary experiments i n  10 percent hydrogen; however, f r i c t i o n  and wear of t h e  
unlubricated, uncoated specimens were d i f f e r e n t  i n  the  two environments. I n  
10 percent hydrogen, t h e  f r i c t i o n  coe f f i c i en t  was 0 . 4 7  compared with 0.35 i n  
sodium. I n  10 percent hydrogen, wear of t h e  uncoated metals was pr imar i ly  
a mat te r  of metal t r a n s f e r  from t h e  r i d e r  t o  the  disk; i n  sodium, wear was 
equally severe on both  r i d e r  and disk. (Compare Fig. 5 wi th  Fig. 8.) 
The d i f fe rences  i n  t h e  modes of wear of t he  uncoated nickel-chromium 
specimens i n  10 percent hydrogen - 90 percent nitrogen and i n  sodium a r e  
considered t o  be caused by t h e  d i f fe rence  i n  t h e  hea t - t r ans fe r  c a p a b i l i t i e s  
of t h e  t w o  environments. Thus, t h e  good thermal conductivity of l i q u i d  so- 
dium tends toward equal iza t ion  of t h e  temperature of t h e  r i d e r  and t h e  disk. 
Wear i s  therefore,  t o  a f irst  approximation, equally d i s t r i b u t e d  between t h e  
r i d e r  and the  disk. I n  t h e  gaseous atmosphere, f r i c t i o n a l  heat i s  not a s  
r ead i ly  dissipated,  and t h e  wear sur face  of t h e  r i d e r  (because it i s  i n  con- 
tinuous s l id ing  contact) becomes h o t t e r  than  t h e  wear t r a c k  of t h e  disk. 
r i d e r  wear sur face  i s  then of lower shear s t r eng th  than  t h e  d isk  wear sur- 
face, and it seems reasonable t h a t  t h i s  d i f fe rence  i n  shear s t r eng th  accounts 
f o r  t h e  predominance of metal t r a n s f e r  from r i d e r  t o  disk. 
The 
Coating f a i l u r e  i n  l i qu id  sodium was de tec ted  by a simultaneous increase  
A r ep resen ta t ion  of f r i c t i o n  and i n  the  f r i c t i o n  force  and i n  t h e  wear r a t e .  
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wear recorder t r a c e s  i s  given i n  Fig. 9. Wear l i f e  data f o r  the  coatings 
evaluated i n  sodium a r e  given i n  Fig. 10. No one composition showed an out- 
standing super ior i ty  i n  wear l i f e  i n  these experiments; however, only t h e  
CaF2-E!aFZ coatings were unaffected by sodium exposure. I n  l igh t - load  long- 
durat ion appl icat ions,  t h e  sodium compatibil i ty of the  coating may be the  
determining f a c t o r  i n  coat ing l i f e  ra ther  than the  res i s tance  of t he  coating 
t o  repeated mechanical s t resses .  
Wear l i f e  of 100 percent LiF coatings was about t he  same as that of t h e  
38 percent CaF2 - 62 percent EaF2 coatings. However, LiF w a s  slowly eroded 
or dissolved by flowing sodium and therefore  would not be su i t ab le  f o r  pro- 
longed. sod.ium exposure. 
The wear l i f e  of 77 percent CaFZ - 23 percent LiF coatings was the  
longest l i f e  observed; however, X-ray d i f f r a c t i o n  s tudies  indicated t h a t  
LIF was leached out of the  coating and, fu r ther ,  t h a t  the  degree of sodium 
a t t ack  was g rea t e r  near the r i m  than near t he  center  of t h e  disk. Since the  
r e l a t i v e  ve loc i ty  of t h e  coated surface w i t h  respect t o  the l i q u i d  metal in-  
creases  with radial dis tance from the  center  of t h e  d isk ,  it i s  evident tha t ,  
where sodium a t t a c k  occurred, it was se r ious ly  influenced by t h e  flow rate of 
l i q u i d  metal over the surface of t he  coating. After  a f r i c t i o n  experiment, 
t he  CaFZ remaining on the  d isk  was adherent u n t i l  r insed w i t h  water or alcohol. 
It appears t h a t  t h e  pores i n  t h e  coating caused by l o s s  of LiF become f i l l e d  
w i t h  sodium. Hydrogen gas i s  formed within t h e  voids i n  t h e  leached coating 
when t h e  entrained sodium reac ts  with alcohol  or water and the bond between 
t h e  remaining coating mater ia l  and the subs t ra te  metal i s  completely destroyed. 
X-ray ana lys i s  of t h e  81.4 percent CaF2 - 18.6 percent NaF coating a f t e r  
exposure t o  flowing sodium showed t h a t  NaF was completely removed from the  
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coating. 
LiF coatings, removal of the non-CaF2 component resulted in immediate lubrica- 
tion failure. 
In contrast to the experience with the 77 percent CaF2 - 23 percent 
The very large range of environments in which fluoride coatings of the 
alkali metal and the alkaline earth metals can be used may be illustrated by 
the fact that they have shown promise for use in cryogenic fluids such as 
liquid oxygen and liquid fluorine (ref. 11) as well as the environment dis- 
cussed in this paper. One of the principal reasons these coatings can be 
used in such a variety of extreme conditions is their extremely good chemical 
stability in either strong oxidizing or reducing atmospheres. 
CONCLUDING REMARKS 
1. With the aid of some theoretical principles of thermochemistry, the 
chemical resistance of candidate solid lubricant materials to both strong 
oxidizing or strong reducing environments were estimated. 
between theoretical prediction and experiment were obtained except where some 
physical phenomena, such as the solubility of LiF in liquid sodium, over- 
shadowed chemical considerations. 
Good correlation 
2. Ceramic-bonded CaF2 lubricated a nickel-base alloy (Re& 41) in air 
at temperatures up to 1900' F. 
coating adhesion was unsatisfactory at higher temperatures. 
Inconel X was lubricated to 15W0 F, but 
3. Fusel all-fluoride coatings (e. g., 62 percent BaF2 - 38 percent CaF2) 
have lubricated in a wide variety of environments including air from 75' to 
1200' F, hydrogen from 75' to 1500' F, liquid sodium at 1000° F, and in cryo- 
genic fluids such as liquid oxygen and liquid fluorine. 
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4. The most apparent l imi t a t ion  of t h e  f luo r ide  coatings i s  t h a t ,  a t  
low s l i d i n g  ve loc i t i e s ,  they have a high f r i c t i o n  coe f f i c i en t  at  ambient 
temperatures below about 500' F. 
2000 f't/min), low f r i c t i o n  coef f ic ien ts  (<O. 20) were obtained a t  low 
ambient temperatures. 
A t  high s l i d i n g  v e l o c i t i e s  (e.  g. , 
APPENDIX - D~EFU4INATION OF EQUILIBRIUM CONCE3"FlATIONS FROM 
INFOFMATION I N  TABLES 2 AND 3 
Reactions With Hydrogen at 1000° K 
For CaF2 and H2 
Where p = 1 atmosphere, pm = 9. 6X10'l4 atmosphere. (The presence 
of an immeasurably small amount of react ion product, HF, i s  s u f f i c i e n t  fo r  
equilibrium and no de tec tab le  reaction i s  l i k e l y  t o  occur.) 
H2 
For N i O  and. H2 
= 0.02 atmosphere, and ' Q2 Where pHZ0 + pH2 = 1 atmosphere 
P H ~ O  = 1 - 0.02 = 0.98 atmosphere. 
even i n  the  presence of a l a rge  partial pressure of water vapor.) 
(The reac t ion  should r ead i ly  proceed 
For Cr203 
6 
PH20 = 6.3x10- 
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= 1 atmosphere, pHZO = 6. 3X10-6 atmosphere. (The p a r t i a l  ' 
pH2 
Where 
pressure of water vapor must be  kept below 6 p a r t s  per  mi l l i on  t o  reduce 
C r 2 0 3  with hydrogen a t  1000° K . )  
(p  )1/2/(p ) 1 / 2  = 1.1x10- 7 
H2° HZ 
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pH2 
Where pH = 1 atmosphere, 'H2 0 = 1. 2X10'14 atmosphere. (It would be  
2 
j u s t  about impossible t o  maintain p a r t i a l  pressure of water vapor low enough 
t o  r e a c t  A1203 with hydrogen.) 
Reactions with Sodium at  1000° K 
For CaF2 and N a  
1 / 2  3 
k = (NCa) NNaF/NNa = 1.5X10- 
where N i s  t h e  mole f r ac t ion .  The chemical reac t ion  shown i n  Table 1 
shows t h a t  2 moles of NaF a r e  formed for each mole of Ca. Therefore, 
f o r  nearly pure Na,  NNa - 1 
NCa - 0.008 
NNaF - 0.016 
and t o  i t e r a t e ,  
"8, Ly 1 - (0.008 + 0.016) = 0.98 
( A  s m a l l ,  but measurable amount of r eac t ion  product may d isso lve  i n  t h e  
l i q u i d  sodium before equilibrium i s  reached.) 
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For N i O  and l i q u i d  sodium 
This corresponds t o  a mole f r a c t i o n  of Na20 = 0.99'. 
be a t ta ined  before Na20 s o l u b i l i t y  i n  l i q u i d  sodium i s  exceeded; there-  
fore ,  N i O  reduction by sodium w i l l  go t o  completion.) 
(Equilibrium cannot 
For Cr203 and l iqu id  sodium 
k = (NNa o) 1 / 2  /NNa = 0.61 
2 
"a20 
= 0.37(NNa) 2 
0.37(NNa)' + NNa = 1 
NNa = 0. 78 
= O* 22 
(The appreciable mole f r ac t ion  of react ion product N a Z O  ind ica t e s  that it 
i s  thermodynamically possible  t o  reduce Cr2O3 with sodium a t  1000° K.)  
For A1203 
k = (NNa o)1/2/NNa = 2.8X10'  5 
2 
f o r  near ly  pure l iqu id ,  
(No de tec tab le  reaction. ) 
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Camposition, Liquidus Eutect ic  
we i ght temper- melting 
percent a tu re ,  point ,  
Ol? 3 (4 
80 CaF2 - 20 BaF2 2 400 1872 
38 CaF2 - 62 BaF2 1872 1872 
77 CaF2 - 23 LiF 2100 1416 
100 LiF 1558 ---- 
81.4 CaFZ - 18.6 NaF 2150 1490 
Fi r ing  
Time, Temper- 
min ature, 
OF 
10 1950 
10 1920 
7 1700 
6 1600 
6 1550 
Data from refs. 4 and 5. a 
, 
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Table 2 - Che,mical reac t ions  and equilibrium constant 
expression f o r  same f luo r ides  and oxides 
Candidat e 
,mater ia l  
caF2 
LiF 
N i O  
Cr203 
Assumed chemical reac t ion  i n  
var ious environments 
CaFZ + A 0 = CaO + F2 
2 2  
1 1 
2 2 2  2 
- c ~ F ~  + - H  = 1 c a  +HF 
1 - CaF + N a  = - 1 Ca + NaF 
2 2  2 
1 
2 
LiF $. - H 2  = HF + L i  
LiF + N a  = NaF + L i  
1 7 
L 1 1 - N i O  + Na = - N i  + - Na20 
3 2 2 
L 1 1 1 3 Cr203 + 7 H2 = 5 C r  + 'z H20 
1 1 
5 2 3  2 3 
C r  0 + N a  = - Na20 + - C r  
Equilibrium constant 
expression, 
k 
b 
"aF N Li . /N  N a  
a 
b 
Where P = p a r t i a l  pressure and N = mole f r a c t i o n .  
Applies only up t o  boi l ing  point (1155' K )  of sodium. 
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Table3 - Standard free energies  of r eac t ion  and equilibrium constants  
f o r  some f luo r ides  and oxides 
_. -_ _ _  -. - __ 
Environment 
Oxygen i Hydrogen Sodium - - .  
-_ - 
Cam- Melting 
pound point, 
O F  
! 
Reaction 
I 
I '  
- 
500 440 
1000 134C 
1500 2240 
500 44c 
1000 134C 
1500 2240 
500 440 
1000 134C 
1500 2240 
-. 
 
+ _ _ _ - -  
Equilibrium Standard I Equilibrium Standard 
constant,  f r e e  energy ' constant,  f r e e  energy 
K~~ of react ion,!  K of r eac t ion ,  ----I L\Fo I eq  LIFO I w - Standard f r ee  energy af r eac t ion  
k c a l  
g equiv O2 
AFO 
(a)  
+131 
+123 
+114 
. . _  
Equi l i b r i u  
constant,  
Keq 
j . _. 
1 . 7 ~ 1 0 - ~  1 1 . 5 ~ 1 0 - ~  
k c a l  
' g  equiv N a  
I 
:aF2 2460 
-_._ 
3aF2 2336 -
+z 
1 
+zo.o 1 1 . 2 ~ 1 0 - 3  
+10.0 4.5~10-5  
+11.0 4 . 1 ~ 1 0 - ~  
+18.0 2 . 5 ~ 1 0 - ~  
_____ . ~ 
+144 
+135 
+128 
3. Z X ~ O - ~ O  
3 .2~10-13 
1 . 1 ~ 1 0 - 7  
+140 
+134 
Molten 
1 
500 440 +1G2 
+158 
Molten 1500 2240 
1000 1340 
1500 '2240 
12.2 
7.4 
6.3 
- 18 , 6.6X10-7 
-11 3.9x10 
- 15 I.. 8x103 
I
1000 1340 
1000 1340 
1500 2240 
aCalculated from free energies of formation of r eac t an t s  and products s e l ec t ed  from r e f s .  6 t o  8. 
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Table 4 - Fr ic t ion  and wear l i f e  for  f luor ide  coating on nickel-chromium 
Coating compositiop, 
weight percent ' 
80 CaF2 - 20 BaF2 
a l loy  i n  10 percent hydrogen - 90 pepcent nitrogen atmosphere 
Coat- Tem- 
ing per - 
thick-  ature, 
ness, OF 
m i l l &  
2.0 1000 
[Sliding veloci ty ,  2000 ft/min; r i d e r s ,  3/16-in. -rad. hemispheres. ] 
77 CaF2 - 23 LiF 
100 LiF 
1.2 75 
1.5 1000 
1.2 1000 
1.2 1200 
1.2 500 
1.2 1000 
1.3 1000 
1-5 1500 
75 I E I 1000 
500 
500 
500 
500 
500 
500 
1000 
500 
b229,000 0.15 6.3~10'6 
229,OOC -10 2.52~10'8 
b229,000 0.07 ~ . M O - ~  
'229,OOC 0.20 3 . 3 9 ~ 1 0 ' ~  
.15 __---__-- 
-- - - - -- - 0.47 4 . 9 0 ~ 1 0 ' ~  
60,OOC -25 --------- 
8 ,  OOC 
.47 9.90 -- ----- - 
81.4 C a F  - 18.6 NaF 
54 CaF2 - 16 LiF - 30 A1203 
Uncoated 
Load, 
g 
500 
1.5 1000 
2.0 1000 
1.5 1350 
2.2 1500 
0 1000 
0 1000 
500 
500 
500 
500 
1000 
1000 
Coating 
wear  
l i f e ,  
cycles 
t o  
failure 
i'rict ion 
coef f - 
c i en t  
b229,000 I 0.16 
b2 29,000 
b229,ooo 
120,000 
120,000 
180,000 
80,000 
500 
500 
1000 
1000 
1000 
1000 
b229 ,000 
229,000 
80,000 
48,000 
c10,000 
c20,000 
Rider wear 
rate, 
cu in./hr 
8 , 4 ~ 1 0 - ~  
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. 
Weighing ceramic binder and lubricant 
- 
Evaluating friction 
CD-7901 
Fig. 1. - Application and evaluation of ceramic-bonded calcium fluoride coating. 
support bearing spindle 
Induction heating coil 
CD-7935 
.‘.d 
Fig. 2. - High-temperature f r ic t ion apparatus. 
c - 
c 
=I 
V 
I 
.- 
z 
10-1 
-
I m U
E 
.- 
I I I , I I 
o Uncoated Inconel X 
~ o 0.002-in. coating of ceramic-bonded CaF2 - 
- -8 
u" . 4  
c a
V 
W 
.- .- - c
c 0- 
V 
L U
.- 
.- 
0 
Temperature, OF 
Fig. 3 - Effect of temperature on lubricating properties of 
ceramic-bonded calcium fluoride coatings on Inconel X. 
Coating thickness, 0.001 to 0.002 inch; sliding velocity, 
430 feet per minute; load, 1 kilogram. 
10-7 
10-8 
f t l m i n  
1 0 - 9 b  - Uncoated 430(ref .  6) 
0 Coated 455 
. 8  
- c 
V 
(Y 
(Y . 6  .- .- - 
.4 
c 0
V 
.- 
c .- 
10-10 I= . 2  
10-11 
0 250 500 750 lo00 1250 1500 
Temperature, OF 
Fig. 4 - Lubr icat ing properties of fused f luor ide coat ing composit ion in a i r  at two sl id ing velocities. Coating, 
38 percent ca lc ium f luor ide  - 62 percent bar ium fluoride; coating thickness, 0.001 t o  0.002 inch; dura t ion  
of run, 1 hour;  load, 500 grams; specimens, 3116-inch-radius r iders  s l id ing against coated disks; separate 
experiments w i t h  di f ferent specimen fo r  each data point. 
Wear scar on rider; friction coefficient, 0.45 
I I 
k 4  
0.05 in. 
Wear tracks i n  disk i n  area of severe metal transfer 
Welded 1' 
metal 
from GCY' 
disk-&( 
/,'O'O&face profile across wear track in area of 
severe metal transfer 
'>> . 
L--4 
0.05 in. 
Wear track in disk in area of severe metal transfer 
Surface profile across wear track in area of mild 
metal transfer 
C-68689 
Fig. 5. -Wear of uncoated nickel-chromium specimens in 10 percent hydrogen - 90 percent nitrogen atmosphere. Temperature, loo00 F; 
duration of run, 40,000 cycles; sliding velocity, 2Mxl feet per minute at 3820 rpm; load, lo00 grams. 
. M  
03 
M cu 
I w 
0.0015 Inch  coating of 80 calcium 
fluoride - 20 barium fluoride; 
friction coefficient, 0.16 
0.05 in. 
Wear scars on riders 
Wear tracks on disks 
-L 0.001 in. 
0.05 in. r--J . . . . .  coating . . . .  . . . . .  
Substrate metal 
0.0015 Inch  coating of 77 calcium 
fluoride - 23 l i th ium fluoride; 
friction coefficient, 0.15 
C-68690 
Surface profiles across wear tracks 
coated rhrith fused fluorides. Temperature, 1000° F; duration of run ,  229,200cycles; sliding 
velocity, 2OOO feet per minute at 3820 rpm; load, 500 grams. 
Fig. 6. -Wear i n  10 percent hydrogen - W percent nitrogen atmosphere when disks were 
Environment 
0 Liquid sodium 
10 percent hydrogen - 90 percent nitrogen 
Uncoated l00LiF 38CaF2- 77CaF2- 80CaF2- 81.4CaF2- 
6ZBaF2 23LiF PBaF2 18.6NaF 
Composition of solid lubricant coating, weight percent 
Fig. 7 - Lubrication of nickel-chromium al loywith fused fluoride coatings 
in liquid sodium and in 10 rcent hydrogen - 90 percent nitrogen atmos- 
sliding velocity, 2ooo feet per minute; load, 500 grams; specimens, 3116- 
inch-radius hemispherical riders sliding against disks coated as indicated. 
phere. Temperature, loo0 8" F; coating thickness, 0.001 to 0.002 inch; 
. 
Coated disk after 44,ooO cycles; 
friction coefficient, 0.15 
Uncoated disk after 229.200 cycles; 
friction coefficient, 0.35 
Wear scars on riders 
F 1  t 
0 05 i n  
Wear tracks on disks 
Original surface of disk 
0 coating 
Substrate metal 
-L 
0.05 in. 
Surface profiles across wear tracks C-68691 
Fig. 8. - Comparative wear of coated and uncoated nickel-chromium alloy in liquid sodium. Temperature, 10COo F; 
coating, 38 percent calcium fluoride - 62 percent barium fluoride; coating thickness, 0.001 inch; sliding velocity, 
Moo feet per minute at 3820 rpm; load, 500 grams. 
. 
. 
L 
Fig. 9 -Wear and fr ict ion recorder traces showing failure of l i th ium fluoride coating after ld minutes 
in liquid sodium at 38M rpm and looOo F. 2 
lo6 r Load, 9 
0 5 0 0  
Id 
104 
lOOLiF 38CaF2-62BaF2 77CaF - 80CaF2- 81.4CaF - 
2 3 L i t  20BaF2 18.6Nat 
Id 
Immediate 
fa i lure at  
both loads 
Composition of solid lubr icant coating, weight percent 
Fig. 10 -Wear life of f luoride solid lubricant coatings in l iquid 
sodium. Temperature, 1000° F; coating thickness, 0.001 to 
0.002 inch; sliding velocity, Moo feet per minute at 3820 rpm; 
specimens, 3116-inch-radius hemispherical riders sliding 
against disks coated as indicated. 
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